An efficient treatment process for screened cow manure waste, particularly for the degradation of natural steroid hormones, was developed. The first step in this process was a draw-and-fill process for thermophilic anaerobic digestion. After fourfold dilution with tap water, continuous feeding was performed for the aerobic treatment of the effluent from the anaerobic treatment. Batchwise ozone oxidation was then carried out for the degradation of the natural steroid hormones that remained in the effluent from the aerobic treatment. A yeast two-hybrid assay was performed to evaluate hormonal degradation. Significant reductions in the concentrations of total VFA, BOD 5 , COD Cr , TOC, TS, VSS, and natural steroid hormones were demonstrated in the effluent from the biological treatments. The removal ratios of such concentrations were 99.7%, 90%, 79%, 84%, 51%, 58%, and 99%, respectively. Although the concentrations of the remaining TOC and COD Cr remained constant, natural steroid hormones were completely removed by ozone oxidation.
Natural steroid hormones excreted from the feces and urine of humans, livestock, and wildlife are deposited in the environment through sewage discharge and animal waste disposal (1, 2) . Animal wastes also become potential sources of contaminants in surface and ground water resources when used as an agricultural fertilizer (2) . It has been shown that animals excrete natural steroid hormones at concentrations of 0.02-2.3 mg per animal per day (3) . The excreted hormones could bind with steroid hormone receptors and activate them (4) . Therefore, the natural steroid hormones in the environment might disrupt the normal function of the endocrine systems of wildlife (5); feminization effects on male fish may occur at concentrations as low as 1 ng/l (6) .
Recently, many studies have been performed to monitor animal wastes as potential sources of strong natural steroid hormones by bioassay methods (7). In addition, some studies have investigated the treatment of animal wastes by biological methods (8) or ozone oxidation (9) . However, these studies did not monitor the concentrations of natural steroid hormones during treatment processes. Natural steroid hormones were found to be biodegraded in the environment but not completely degraded during conventional and oxidation ditch treatments (3, 10, 11) ; some hormones remained in the treated effluents that were discharged to the environment. To solve this problem, an alternative technique using an advanced method is required. Ozone oxidation is a powerful oxidizing method that can attack C=C double bonds, aromatic compounds, heterocyclic compounds (9), and estrogenic substances (12) . Researchers have shown that pharmaceuticals with an estrogenic activity (12) and their oxidized products (13) have been completely removed from wastewater after ozone treatment. However, ozone oxidation is not economical as a single treatment (14) . Therefore, biological treatments followed by ozone oxidation may be preferred.
In this study, we conducted experiments to develop an efficient process and to investigate the degradation of natural steroid hormones at each step in our process by comparing the estrogenic activity with the quality of the effluent.
MATERIALS AND METHODS
Thermophilic anaerobic digestion Cow manure waste, which was a mixture of feces and urine, was provided by the Mashiki Farm (Kumamoto). The waste mixture was screened using a vibrating mesh (2.5×2.5 mm) liquid-solid separator. NiCl 2 ⋅6H 2 O and CoCl 2 ⋅6H 2 O were added to the screened waste to give concentrations of 1.5 mg-Ni 2+ /l and 0.6 mg-Co
2+
/l. Figure 1 shows a block diagram of the treatment process. The thermophilic anaerobic digestion reactor had a working volume of 8 l with a rotary motor mixer adjusted to 300 rpm. The temperature was kept at 56°C using a thermostat-controlled heater placed at the bottom of the reactor. pH was automatically maintained at 7.5-7.8 by feeding 1 mol/l HCl and 1 mol/l NaOH solutions using peristaltic pumps with a pH controller (HB-96K2; Denki Kagaku Keiki, Tokyo). The treatment study was started by feeding the screened waste by a draw-and-fill process once a day at a TS loading rate of 4 g/l/d (HRT, 19 d). The evolved biogas was collected using a gas holder via a gas meter through a vinyl tube, and the amount of total biogas and methane content were measured.
Aerobic treatment
The reactor had a working volume of 1.1 l and was made of acrylic resin. The temperature was maintained at 30°C by immersing a heater into the reactor. Air was introduced continuously at a flow rate of 110 ml/min into the reactor using an air pump (APN-085U-1; Iwaki, Tokyo) through a ball filter. The activated sludge was provided by Kumamoto Hokubu Sewage Works (Kumamoto). The characteristics of the activated sludge were as follows: pH, 6.94; TOC, 71 mg/l; mixed liquor suspended solid (MLSS), 8.6 g/l; and sludge volume index (SV 30 ), 25%. After the activated sludge was left in the reactor for about 2 h with aeration, the treatment study was started by continuous feeding with a fourfold-diluted effluent from an anaerobic treatment using a peristaltic pump at a COD Cr loading rate of 2.5 g/l/d (HRT, 22 h).
Ozone oxidation One liter of sample was added to the reactor, which was made of Pyrex glass with a working volume of 1.5 l, and mixed completely at 300 rpm with a rotary motor mixer. Ozone gas was generated from 99.99% oxygen using an ozone generator (OMD-50HPF and OZS-KC-05). Ozone gas (4 mg/l) was fed into the reactor through a ball filter at a flow rate of 2 l/min. The sample was collected from a side port of the ozone reactor by a batch method. Residual ozone concentration was determined by an indigo method (HACH Company; Pocket Colorimeter Ozone and Accu Vac Ampuls).
Yeast two-hybrid assay
The yeast two-hybrid assay was performed according to the method of Kawagoshi et al. (15, 16) . The yeast strain Saccharomyces cerevisiae Y190 was used. A purified new single yeast colony was always used in this assay. The assay was set up in duplicate for each sample, and various 17β-estradiol, testosterone, and progesterone concentrations from 10 mmol/l to 10 fmol/l were assayed to construct a standard curve. The concentration of each sample was determined as the 17β-estradiol concentration equivalent. To evaluate the dose-response curve of estrogenic activity, the sigmoid curve of 17β-estradiol was fitted to a symmetric function using Prism software (GraphPad Software, San Diego, CA, USA).
Other analytical methods All parameters of the influent and effluent in each treatment step were measured. Total organic carbon (TOC) and volatile fatty acid (VFA) were measured after centrifugation at 8000×g for 10 min. TOC was analyzed using a TOC autoanalyzer (TOC-500; Shimadzu, Kyoto) according to standard methods (17) . VFA was analyzed by a postlabel method using HPLC, as described in our previous paper (18) . Total solid (TS), total volatile solid (TVS), BOD 5 , suspended solid (SS), and volatile suspended solid (VSS) were analyzed according to standard methods (17) . Color index was measured by a spectrophotometric method. COD Cr was measured by the HACH method (method 8000; HACH Company). The methane content of the biogas was measured using a gas chromatograph equipped with a thermal conductivity detector (TCD) (KOR-2G; GL Science, Tokyo) with a packed column (Porapack Q; GL Science).
RESULTS AND DISCUSSION
Composition of natural steroid hormones in screened cow manure waste The screened cow manure waste contained high organic compound concentrations. The concentrations of BOD 5 , TOC, COD Cr , SS, and total VFA in the influent of the anaerobic treatment were 27,600 mg/l, 9470 mg/l, 25,800 mg/l, 58.6 g/l, and 12,700 mg/l, respectively, as shown in Table 1 . The binding of natural steroid hormones in the screened cow manure waste to the estrogen, androgen, and progesterone receptors was evaluated by the yeast two-hybrid assay. The natural steroid hormones of the screened cow manure waste bound only to the estrogen receptor, with the dose-response curve shown in Fig. 2 . There was no detectable binding to the androgen or progesterone receptor (Fig. 2) . Similarly, using the yeast strain S. cerevisiae YPH500, weak androgen binding and no progesterone binding were detected (7). We calculated the estrogen concentration as the 17β-estradiol concentration equivalent by determining 50% of the maximum dose response of the sample by yeast two-hybrid assay. The 17β-estradiol concentration equivalent values of the screened cow manure waste ranged from 200 to 900 µg/l or 3.3 to 14.8 µg/g dry weight. Lorenzen et al. (7) reported that the estrogenic activity of cow manure was about 6 µg/g dry weight.
Changes in characteristics of treated waste during biological treatments
We developed a thermophilic anaerobic digestion process for the treatment of the screened cow manure waste. The thermophilic unit is operated to achieve a high TVS digestion efficiency, as reported previously (19) . The average TVS digestion efficiencies obtained at TS volumetric loading rates of 4 g/l/d, 6 g/l/d, and 8 g/l/d were 34%, 20%, and 22%, respectively. The time courses of the characteristics of the thermophilic anaerobic digestion at a TS loading rate of 4 g/l/d for 130 d are shown in Fig. 3 . The concentrations of TOC and VSS in the effluent were almost stable and VFA was degraded at 300 mg/l. The total gas evolution rate was about 8000 ml/l/d and the methane content was about 60% (data not shown). The average removal ratio of 17β-estradiol determined by yeast two-hybrid assay was 80%.
We constructed the aerobic treatment using an activated sludge tank for the treatment of the fourfold-diluted effluent from the anaerobic treatment. The time courses of the characteristics of the effluent from the aerobic reactor are shown in Fig. 4 . The concentrations of TOC and VSS in the effluent were reduced by the fourhold dilution of the effluent from thermophilic anaerobic digestion; however, TOC and VSS were not degraded completely. However, the removal ratio of 17β-estradiol was greater than 90% without the data after 35 d. The characteristics of the treated wastewater during biological treatment at 128 d are summarized in Table 1 . The concentrations of total-VFA, BOD 5 , COD Cr , TOC, TS, and VSS were reduced to 99.7%, 90%, 79%, 84%, 48%, and 60%, respectively, by biological treatment. TS and VSS remained at half the concentrations in the screened waste.
The 17β-estradiol concentration equivalent in each sample is shown in Fig. 5 . The 17β-estradiol concentration equivalent in the influent from the anaerobic treatment changed from 200 to 900 µg/l, but the 17β-estradiol concentration equivalent in the effluent changed from 40 to 100 µg/l. Although its concentration in the influent was sometimes lower than 200 µg/l due to the difference in the type of cow manure waste, the 17β-estradiol concentration equivalent in the effluent was almost the same from 40 to 100 µg/l (data not shown). It seemed that some natural hormones might be degraded during the long storage in the farm. After the anaerobically treated wastewater was diluted fourfold with tap water, the 17β-estradiol concentration equivalent in the influent from the aerobic treatment decreased to about half that in the effluent from the anaerobic treatment. It might be due to the solubilization of natural hormones adsorbed in the sludge during the dilution step. During aerobic treatment, the 17β-estradiol concentration equivalent decreased to 95%. The total removal ratio of 17β-estradiol concentration equivalent during anaerobic and aerobic biological treatments was almost 99%. This result indicates that the biological treatments inhibit estrogenic activity successfully, as reported previously (11, 20) . It was suggested that the degradation is mainly due to the presence of microorganisms (3, 21) and adsorption in the sludge (2) . As shown in Fig. 5 , natural steroid hormones were degraded during biological treatments; however, they were not completely removed. Therefore, the effluent was not acceptable for discharge to the environment.
Changes in characteristics of aerobically treated effluent during ozone oxidation
We conducted batch ozone oxidation to treat the effluent from the aerobic treatment and the residual ozone concentrations in the treated samples ranged from 0.01 to 0.02 mg/l. The COD Cr , TOC, color index, and estrogenic activity during ozone oxidation are shown in Fig. 6 . The COD Cr and TOC were almost stable during ozone oxidation, which is consistent with previous reports that TOC and COD Cr are unaffected by ozone oxidation (12, 14) . This apparent lack of effect seemed to be mainly due to the degradation of high-molecular-weight compounds to low-molecular-weight compounds during ozone oxidation. A high ozone concentration should be necessary for the complete oxidation of organic compounds of high concentration. However, simultaneously ozone oxidation reduced the estrogenic activity and color index selectively. The color index did not decrease but increased during biological treatments. Patricia et al. (22) reported that ozone oxidation is efficient for decolorizing solutions owing to the decomposition of large molecules into small molecules by attacking chromophores and undegradable organic compounds (23) , as well as some pharmaceuticals (10) . Ozone oxidation might have reduced the estrogenic activity and color index selectively by the decomposition of large molecules into small molecules as described above.
In conclusion, 90% of BOD 5 , 84% of TOC, and 99% of natural hormones were removed by anaerobic and aerobic biological treatments. Residual natural hormones were completely removed, and the color index, which was difficult to reduce by biological treatments, was also reduced to about 500 by ozone oxidation. Further study is necessary for a more feasible complete degradation method for natural hormones than ozone oxidation. 
